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Edited by Hans EklundAbstract SIB1 FKBP22 is a homodimer, with each subunit
consisting of the C-terminal catalytic domain and N-terminal
dimerization domain. This protein exhibits peptidyl prolyl cis–
trans isomerase activity for both peptide and protein substrates.
However, truncation of the N-terminal domain greatly reduces
the activity only for a protein substrate. Using surface plasmon
resonance, we showed that SIB1 FKBP22 loses the binding abil-
ity to a folding intermediate of protein upon truncation of the
N-terminal domain but does not lose it upon truncation of the
C-terminal domain. We propose that the binding site of SIB1
FKBP22 to a protein substrate of PPIase is located at the
N-terminal domain.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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FKBP22 from the psychrotrophic bacterium Shewanella
sp. SIB1 (SIB1 FKBP22) is a homodimeric protein with pep-
tidyl prolyl cis–trans isomerase (PPIase) activity. We previ-
ously showed that the cellular content of this protein in
SIB1 increases at 4 C as compared to that at 20 C [1].
In addition, this protein exhibits maximal PPIase activity
at 10 C, which dramatically decreases at temperatures high-
er than 20 C. From these observations, we proposed that
the PPIase activity of SIB1 FKBP22 facilitates eﬃcient
folding of proteins containing cis prolines in SIB1 at low
temperatures.
SIB1 FKBP22 is a member of the macrophage infectivity
potentiator (MIP)-like FKBP subfamily proteins, showing
amino acid sequence identities of 56% to Escherichia coli
FKBP22 [2], 43% to E. coli FkpA [3], and 41% to Legionella
pneumophila MIP [4]. According to the crystal structures of
L. pneumophila MIP [5] and E. coli FkpA [6], two rod-like
monomers interact with each other at their N-termini to form
a V-shaped dimeric structure. Each monomer consists of the NAbbreviations: PPIase, peptidyl prolyl cis–trans isomerase; FKBP,
FK506-binding protein; RU, resonance unit; DTT, dithiothreitol
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acid long a3 helix. The C-terminal domain contains the PPIase
active-site and is conserved in all FK506-binding protein
(FKBP) family proteins, including human FKBP12. In con-
trast, the N-terminal domain contains a dimerization core
and is unique to the MIP-like FKBP subfamily proteins.
Homology modeling suggests that SIB1 FKBP22 has a similar
three-dimensional structure [7].
The intact protein of SIB1 FKBP22 (SIB1 FKBP22\), the
N-terminal domain with entire a3 helix (N-domain+), and
the C-terminal domain with entire a3 helix (C-domain+),
for which the primary structures are schematically shown in
Fig. 1, have previously been overproduced in E. coli in a
His-tagged form and biochemically characterized [7]. C-do-
main+ is monomeric and enzymatically active, whereas N-do-
main+ is dimeric and inactive. These results are consistent
with a tertiary model of SIB1 FKBP22. However, the PPIase
activity of C-domain+ for a protein substrate (RNase T1) is
greatly reduced as compared to that of the intact protein,
while that for a short tetra peptide substrate (N-succinyl-
Ala-Leu-Pro-Phe-p-nitroanilide) is not. A similar result has
been reported for L. pneumophila MIP [8]. These results sug-
gest that the N-terminal domain contains the binding site for
a protein substrate of PPIase. Alternatively, the N-terminal
domain may merely mediate dimerization, by which the two
active-sites of the C-terminal domains are arranged such that
they simultaneously and eﬀectively interact with a protein
substrate.
a-Lactalbumin, a small Ca2+-binding protein (14200 Da)
with four disulﬁde bonds, has been extensively studied for
folding intermediate [9]. Because this protein is signiﬁcantly
unfolded by reducing disulﬁde bonds and the resultant inter-
mediate form is soluble under physiological conditions [10], re-
duced and non-reduced a-lactalbumins have been used as good
model proteins to analyze chaperone function of GroEL
[11,12] and FKBP family proteins [13,14]. Reduced and carbo-
xymethylated (RCM) a-lactalbumin has been shown to com-
pete with a protein substrate of PPIase for binding to the
trigger factor [14] and FkpA [13], suggesting that a folding
intermediate of protein and a protein substrate of PPIase bind
to the similar site. Therefore, it would be informative to exam-
ine whether SIB1 FKBP22\, N-domain+, and C-domain+ bind
to reduced a-lactalbumin. In this report, the interactions of
these proteins with reduced and non-reduced a-lactalbumins
were analyzed using surface plasmon resonance. The results
indicate that the binding site for a protein substrate of PPIase
is located at the N-terminal domain.ation of European Biochemical Societies.
Fig. 1. Schematic representations of the primary structures of SIB1
FKBP22\ and its variants. A His-tag attached to the N-termini of the
proteins is represented by shaded box. The putative N-terminal
domain, a3-helix, and C-terminal domain are represented by hatched,
solid, and open boxes, respectively. Numbers represent the positions of
the amino acid residues starting from the initial methionine residue of
SIB1 FKBP22.
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2.1. Proteins
SIB1 FKBP22\, N-domain+, and C-domain+ in a His-tagged form
were overproduced in E. coli and puriﬁed as described previously [7].
a-Lactalbumin (calcium depleted) was obtained from Sigma–Aldrich.
For preparation of reduced a-lactalbumin, Ca2+-depleted a-lactalbu-
min was dissolved at 1.5 mg/ml in 20 mM sodium phosphate (pH
8.0) containing 2 mM dithiothreitol (DTT) and left at room tempera-
ture for 1 h.
2.2. Surface plasmon resonance
Interactions of SIB1 FKBP22\ and its variants with reduced and
non-reduced a-lactalbumins were monitored by surface plasmon reso-
nance using the Biacore X instrument (Biacore, Sweden). Immobiliza-
tion was carried out as described previously [15]. Ni2+ was chelated by
injecting NiCl2 onto the sensor chip (Biacore) with a nitrilotriacetic
acid-modiﬁed surface, which was followed by injection of the His-
tagged proteins to immobilize them by chelation, giving a change in
resonance unit (RU) value of 1000–3000. Non-reduced or reduced a-
lactalbumin, which was dissolved at the concentration of 61 lM in
20 mM sodium phosphate (pH 8.0) containing 100 mM NaCl or the
same buﬀer containing 100 mM NaCl and 2 mM DTT, respectively,
was then injected at 10 C with a ﬂow rate of 10 ll/min onto the sur-
face of the sensor chip on which the His-tagged protein was immobi-
lized. Binding surfaces were regenerated by washing with 0.5 M
EDTA.
To determine the dissociation constant, KD, the concentration of re-
duced a-lactalbumin injected onto the sensor chip was varied from 0.5
to 30 lM. From the plot of the equilibrium binding responses as a
function of the concentrations of reduced a-lactalbumin, the KD value
was determined using steady-state aﬃnity program of BIAevaluation
Software (Biacore).
2.3. Circular dichroism (CD)
The far-UV (200–260 nm) CD spectra were measured in 20 mM so-
dium phosphate (pH 8.0) at 10 C on a J-725 automatic spectropolar-
imeter (Japan Spectroscopic Co., Ltd). The protein concentration was
0.15 mg/ml and a cell with an optical path length of 2 mm was used.
The mean residue ellipticity, h, which has units of deg cm2 dmol1,
was calculated by using an average amino acid molecular weight of
110.Fig. 2. Sensorgrams from Biacore X showing the binding of reduced
(solid line) and non-reduced (broken line) a-lactalbumins to immobi-
lized SIB1 FKBP22\ (1000 RU). Injections were done at time zero for
60 s.3. Results and discussion
3.1. Conformation of reduced and non-reduced a-lactalbumin
Ca2+-depleted a-lactalbumin has been reported to change its
conformation from a molten globule state to a signiﬁcantly un-
folded state, which represents a folding intermediate state, by
reducing disulﬁde bonds [10]. This conformational change
was conﬁrmed by measuring far-UV CD spectra of this protein
in the presence and absence of 2 mM DTT, which representthose of the reduced and non-reduced proteins, respectively.
The spectrum of the reduced protein exhibited a trough with
a minimum [h] value of 14000 at 205 nm, which was accom-
panied by a shoulder with a [h] value of 7000 at 220 nm (data
not shown). The spectrum of the non-reduced protein, on the
other hand, exhibited a broad trough with two minimum [h]
values of 12500 at 208 nm and 12000 at 220 nm (data
not shown). Because this spectrum is similar to that of a-lact-
albumin in a folded state, and because a-lactalbumin either in
a molten globule state or folded state is not recognized by
GroEL as a substrate [11], the conformation of non-reduced
Ca2+-depleted a-lactalbumin is deﬁned as a folded state, in-
stead of a molten globule state, in this study for simplicity.
3.2. Binding of SIB1 FKBP22\ to reduced and non-reduced
a-lactalbumins
Of the MIP-like FKBP subfamily proteins, E. coli FkpA has
been most extensively studied for structures and functions
[6,13,16,17]. This protein possesses a chaperone function be-
sides the PPIase activity. These two functions are independent
of each other, as long as a short tetra peptide is used as a sub-
strate of PPIase. Binding of a folding intermediate of protein
to FkpA does not seriously aﬀect its PPIase activity. Likewise,
binding of a PPIase inhibitor, FK506, to FkpA does not seri-
ously aﬀect its chaperone function. However, these two func-
tions are related with each other, when a protein (RNase T1)
is used as a substrate of PPIase. In this case, the PPIase activity
of FkpA is inhibited by binding of a folding intermediate of
protein. Based on these results, it has been proposed that the
binding site for a folding intermediate of protein is distinct
from that for a short tetra peptide substrate of PPIase, but is
similar to that for a protein substrate of PPIase. To examine
whether SIB1 FKBP22 has a similar binding site for a folding
intermediate of protein, the interactions of SIB1 FKBP22\
with reduced and non-reduced a-lactalbumins were analyzed
by BIAcore. The interaction between SIB1 FKBP22\ and re-
duced a-lactalbumin was analyzed in the presence of 2 mM
DTT. However, it is unlikely that the SIB1 FKBP22\ function
is seriously aﬀected by DTT, because SIB1 FKBP22\ contains
no cysteine residues.
When reduced a-lactalbumin was injected onto the sensor
chip on which SIB1 FKBP22\ was immobilized, increase of
RU was detected (Fig. 2). On the other hand, no increase of
RU was detected, when non-reduced a-lactalbumin was in-
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bind to a-lactalbumin in a folded state but binds to its folding
intermediate. Because the association and dissociation of re-
duced a-lactalbumin were too fast to accurately determine
the kinetic constants, such as kon and koﬀ, the dissociation con-
stant, KD, was determined by measuring equilibrium binding
responses at various concentrations of reduced a-lactalbumin.
The plots of the equilibrium binding responses as a function of
the concentration of reduced a-lactalbumin gave a saturation
curve as shown in Fig. 3. These plots well ﬁt a single binding
site aﬃnity model and the KD value was determined to be
2.2 lM. This value is comparable to the concentration of
RCM-a-lactalbumin (3 lM) for half-maximal inhibition of
E. coli FkpA [13].
To analyze the eﬀect of salt on the binding of reduced a-lact-
albumin to SIB1 FKBP22\, the KD value was determined in
the presence of various concentrations of NaCl. The results
are summarized in Table 1. The KD value was quite large in
the absence of NaCl and greatly decreased in the presence of
50 mM NaCl. This value kept decreasing as the NaCl concen-
tration increased up to 200 mM. These results suggest that
hydrophobic interactions are dominant forces for the associa-
tion of reduced a-lactalbumin to SIB1 FKBP22\. Because a
folding intermediate of protein possesses a high degree of
hydrophobic surface area, SIB1 FKBP22\ may distinguish a-
lactalbumin in a folded state and its folding intermediate by
the diﬀerence in their hydrophobicities. This property is similar
to that of a molecular chaperone which interacts with partially
or fully unfolded proteins and increase the yield of fully folded
proteins by preventing the formation of misfolded aggregates
[18,19], suggesting that SIB1 FKBP22 has a chaperone func-
tion like E. coli FkpA.Fig. 3. Relationships between the equilibrium binding response and
concentration of reduced a-lactalbumin. The solid line represents the
ﬁtting curve of single binding site aﬃnity model using BIAevaluation
program.
Table 1
The KD values for binding of reduced a-lactalbumin to SIB1 FKBP22
\
at diﬀerent NaCl concentrations
NaCl concentration (mM) KD (lM)
0 183 ± 115
50 6.8 ± 1.1
100 2.2 ± 0.2
200 1.2 ± 0.1
Each experiment was carried out in duplicate, and the average value
and the error from the average value are shown.3.3. Binding site for reduced a-lactalbumin
There are two conﬂicting reports for E. coli FkpA on the
binding site of a folding intermediate of protein. Ramm and
Pluckthun [13] reported that the isolated C-terminal domain
of FkpA prevents the thermal aggregation of citrate synthase
and increases the refolding yield of antibody scFv fragment,
while the N-terminal domain exhibits only a small eﬀect on
these reactions. From these observations, they proposed that
the binding site of FkpA for a folding intermediate of protein
is located at the C-terminal domain. In contrast, Arie et al. [16]
and Saul et al. [6] reported that the isolated C-terminal domain
of FkpA is devoid of chaperone-like function in vivo and the
N-terminal domain prevents aggregation of misfolded mutant
MalE proteins both in vitro and in vivo. These authors there-
fore proposed that the binding site of FkpA for a folding inter-
mediate of protein is located at the N-terminal domain.
To examine whether the binding site of SIB1 FKBP22\ for a
folding intermediate of protein is located at the N or C-termi-
nal domain, reduced a-lactalbumin was injected onto the sen-
sor chip on which SIB1 FKBP22\, N-domain+, or C-domain+
was immobilized. The amounts of SIB1 FKBP22\, N-do-
main+, and C-domain+ immobilized were equivalent of 3200,
3700, and 2000 RU, respectively. When 61 lM of reduced a-
lactalbumin was injected onto the sensor chip with immobi-
lized N-domain+, the RU signal increased to the level compa-
rable to that observed for SIB1 FKBP22\ (Fig. 4). On the
other hand, when reduced a-lactalbumin was injected onto
the sensor chip with immobilized C-domain+, no increase of
RU was detected. The KD value for binding of reduced a-lact-
albumin to N-domain+ was determined to be 3.4 lM by ana-
lyzing the dependence of the equilibrium binding responses
on the concentration of reduced a-lactalbumin. This value
was comparable to that for binding of reduced a-lactalbumin
to the intact protein, indicating that the binding site of SIB1
FKBP22 for a folding intermediate of protein is located at
the N-terminal domain. Because the binding site of FkpA
for reduced a-lactalbumin has been reported to be similar to
that for a protein substrate of PPIase [13], and because the
PPIase activity of SIB1 FKBP22 for a protein substrate is
greatly reduced by elimination of the N-terminal domain, it
is likely that the binding site of SIB1 FKBP22 for a protein
substrate of PPIase is located at the N-terminal domain. How-
ever, it remains to be determined whether a V-shaped dimeric
structure is required for eﬃcient binding to a protein substrateFig. 4. Sensorgrams from Biacore X showing the binding of reduced
a-lactalbumin to immobilized SIB1 FKBP22\ (3200 RU, broken line),
N-domain+ (3700 RU, thick line) and C-domain+ (2000 RU, thin line).
Injections were done at time zero for 60 s.
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ists as a dimer. If N-domain+ forms a similar dimeric structure
to that of the intact protein, the a3-helix of each monomer
extends to a diﬀerent direction so that two a3-helices form a
V-shaped structure. Attempts to construct the N-terminal do-
main without a 3-helix and the mutant protein which loses an
ability to form a dimer have so far been unsuccessful.
Our result that the binding site of SIB1 FKBP22 for a fold-
ing intermediate of protein is located at the N-terminal domain
supports the proposal of Arie et al. [16] and Saul et al. [6] that
the chaperone and PPIase activities of FkpA reside in the N
and C-terminal domains, respectively. It remains to be deter-
mined whether SIB1 FKBP22 exhibits chaperone function.
However, the observation that it slightly suppresses the aggre-
gation of disulﬁde-reduced insulin suggests that this protein
has a weak chaperone function (Y. Suzuki, unpublished re-
sult). Conﬂicting result has been reported by Ramm and
Pluckthun [13] that both the chaperone and PPIase activities
of FkpA reside in the C-terminal domain. This conﬂiction is
probably caused by a strong tendency of the C-terminal do-
main of FkpA to oligomerize [13]. Because the crystal struc-
tures of FkpA [6] and MIP [5] indicate that there are no
contacts between two C-terminal domains in a homodimeric
structure, oligomerization of the C-terminal domain may lead
to anomalous behavior. From this point of view, our data are
more reliable because C-domain+ is highly stable in a mono-
meric form and does not show a tendency to oligomerize.
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